The Bedouin Israeli population is highly inbred and structured with a very high prevalence of recessive diseases. Many studies in the past two decades focused on linkage analysis in large, multiple consanguineous pedigrees of this population. The advent of high-throughput technologies motivated researchers to search for rare variants shared between smaller pedigrees, integrating data from clinically similar yet seemingly non-related sporadic cases. However, such analyses are challenging because, without pedigree data, there is no prior knowledge regarding possible relatedness between the sporadic cases. Here, we describe models and techniques for the study of relationships between pedigrees and use them for the inference of tribal co-ancestry, delineating the complex social interactions between different tribes in the Negev Bedouins of southern Israel. Through our analysis, we differentiate between tribes that share many yet small genomic segments because of co-ancestry versus tribes that share larger segments because of recent admixture. The emergent pattern is well correlated with the prevalence of rare mutations in the different tribes. Tribes that do not intermarry, mostly because of social restrictions, hold private mutations, whereas tribes that do intermarry demonstrate a genetic flow of mutations between them. Thus, social structure within an inbred community can be delineated through genomic data, with implications to genetic counseling and genetic mapping.
INTRODUCTION
The presence of a structure within a population is one of the main challenges in the design of population genetic studies (Price et al., 2010; Astle and Balding, 2009; Yu et al., 2005; Sun et al., 2002; Mathieson and McVean, 2012) . Whereas efficient methods have been developed to detect variations between large, divergent populations, the fine structure patterns within populations are often too subtle to be captured by current approaches for stratification (Mathieson and McVean, 2012) . One of the main approaches for studying fine patterns within populations is by inferring relatedness (Purcell et al., 2007; Gusev et al., 2009; Bercovici et al., 2010; Browning, 2008) . A group of individuals that is more related to each other than to other members in the population may potentially hold common risk alleles for both common and rare traits (Mathieson and McVean, 2012; Peltonen et al., 2000) . Such constellations could be because of spatial constraints, religious and other social polarization, or traditions linked to common historical events. Examples for such patterns could be found with the Amish (Strauss and Puffenberger, 2009 ) the French Canadians, and the Bedouin populations (Laberge et al., 2005; Mohammad et al., 2009; Teebi, 1997) .
In the current study, we set out to study the relatedness between the different tribes of the Bedouin population in the Negev region of southern Israel. There are two major motivations for this study. The first is to establish a methodology for delineating tribal relatedness and admixture patterns, so that risk factors for rare genetic diseases could be assessed more accurately during genetic counseling and carrier testing (that is, related tribes may hold common risk alleles). Another motivation is to utilize the inferred tribal relatedness for genetic mapping in sporadic cases collected from different tribes. In order to develop a methodology for mapping tribal relatedness, it is instructive to learn about the traditional structure of Bedouin tribes. The Bedouins are nomadic people present throughout the Middle East, most of whom migrated from the Arabian Peninsula (Mohammad et al., 2009; Hunter-Zinck et al., 2010; Sheffield et al., 1998; Marx, 1967; Cavalli-Sforza et al., 1994) . The Bedouin social structure is organized in a very hierarchical manner: several basic units of nuclear families are integrated into a tribe (an extended family of relatives), and the federation of several tribes forms a clan (Marx, 1977; Chatty, 2006) . Consanguineous marriages within the tribe unit are common. Marriages between the different tribes in a clan are less frequent. Marriages between clans are rare and in many cases forbidden (Mohammad et al., 2009; Marx, 1977) . Tribes and clans may vary substantially in size. According to our records for the Negev Bedouins, tribes could be as small as 100 individuals or as large as 10 000 individuals. Furthermore, this population is dynamic in the sense that tribes may converge or diverge as a result of climate or social and political constraints (Al-Aref, 1934) . In particular we note that, although surnames generally indicate tribal origin, they are not always accurate indicators for ancestry. Tribes may adapt new surnames without having any blood ties to the hosting tribe or clan.
The Bedouin population of the Negev is a small founder population of B200 000 individuals, which, according to our records of surnames, is distributed in well over a hundred tribal units. Historical records indicate that the ancestors of most of the Negev Bedouins migrated from the Arabian Peninsula to southern Israel and Sinai probably before the spread of the Islam around 700 CE (Marx, 1967; Al-Aref, 1934; Abu-Rabia, 1994; Bailey, 1985) . These ancient Bedouins formed several clans and established clan territories in the Negev and Sinai deserts. The region has also known a constant flow of small sporadic tribes that migrated to the Negev from Egypt, Jordan and Gaza. These sporadic tribes were allowed to stay in the region by forming alliances with the big clans. Although the sporadic tribes were usually kept as separate entities, not allowed to marry into the hosting clans, there were no restrictions regarding intermarriages between the different sporadic tribes. Indeed, in our field studies we found that small tribes that do not possess kinship to the large clans allow intertribal marriages. A possible explanation to this social structure is the historical use of kinship lineages as a mean to control territory, which is associated with the clan identity (Marx, 1977) .
Considering the complex tribal structure just described, it is challenging to interpret kinship in this population. Indeed, genetic mapping in the past two decades revealed rare mutations that were common across tribes, the presence of which may suggest common founder ancestry, or possibly reflect recent admixture between the tribes because of intermarriages. Uncovering those different scenarios through genomic data is one of the main challenges in this study.
Relatedness is often studied by inferring segment-shared Identical By Descent (IBD) from common ancestors (Sun et al., 2002; Purcell et al., 2007; Weir et al., 2006; Browning 2008) . Close relatives, separated by just a few generations, are expected to share a small number of very long segments inherited from their most recent common ancestor. Distant relatives, separated by many generations, may share many short segments from several distant ancestors. Thus, the distribution of shared segments between individuals holds information on the unique lineages to common ancestors and thus provides valuable input for the inference of population structure (Huff et al., 2011; Lawson et al., 2012) . In many studies, however, IBD inference is related to a single, most recent common ancestor. This is because exact lineages, especially those of the distant past, are difficult to infer, often requiring specific genetic and demographic models and large reference population panels (Gasbarra et al., 2007; Pool et al., 2010; Novembre and Ramachandran, 2011) . In isolated populations and in populations with a high degree of consanguinity, the problem is even more challenging because the background level of IBD sharing between unrelated individuals is inflated, not allowing efficient discrimination between recent ancestry and background sharing (Huff et al., 2011) .
Our approach to the analysis of fine structure within the Bedouin population is based on a methodology recently suggested by Lawson et al. (2012) . In this approach, a similarity matrix is first constructed between all pairs of individuals and then a clustering procedure rearranges the order of the pairs to reveal various patterns and kin groups in the data. Here, we suggest several modifications to their method that better fit the study of structured isolated populations with elevated sharing of recent ancestry. We tackle the ancestryinference problem with a modification to the existing model for IBD inference implemented in the popular PLINK tool (Purcell et al., 2007) . We introduce an algorithm for recent ancestry inference that calculates effective kinship coefficients for each pair in the data. The effective kinship is simply the sum of all detected segments shared by two individuals, without differentiating between different ancestors. We also suggest a metric, the residual kinship, for the detection of co-ancestry, given that recent ancestry is present. The motivation behind the residual ancestry is to differentiate between recent admixture of subpopulations (tribes in our case) and shared coancestry that is more ancient. Our algorithm calculates a Maximum Likelihood Estimator for the effective kinship coefficients with no prior genealogical knowledge. We then reorganize the kinship matrix using SPIN, an algorithm designed to reorder distance matrices (Tsafrir et al., 2005) . The sorted kinship matrix is then analyzed for fine structure between the different tribes. Applying this methodology to samples from the Negev Bedouin population, we were able to reconstruct the large clans and uncover patterns of tribal interactions that are consistent with the known oral history. We also find a correlation between the patterns of tribal relatedness and rare variants known to be common in related tribes. We discuss the implications of our findings for genetic counseling and IBD mapping in the Bedouin community with specific examples.
MATERIALS AND METHODS
The Human Diversity Genome Project (HDGP) data consist of 45 individuals (kinship coefficient o0.15 as calculated with the Method of Moments kinship in PLINK (Purcell et al., 2007) ) of the Negev Bedouin community included in the CEPH Human Genome Diversity Panel. Individuals were previously genotyped with the Illumina HumanHap550 SNP (single-nucleotide length polymorphism) platform at 513 008 biallelic autosomal genetic markers as previously reported by Jakobsson et al. (2008) . We selected 96 123 SNPs for the analysis, with minor allele frequency 45% and a median distance of 24 kbp between adjacent markers. The LAB data set consists of 30 individuals from 16 different tribes as indicated in Supplementary Table S1 . Genotyping, following informed consent and approval by the Soroka Medical Center IRB, was performed using Affymetrix GeneChip Human Mapping 250K Nsp Arrays, according to the manufacturer's guidelines. A total of 83 809 SNPs were selected for this analysis, with minor allele frequency 45% and a median distance of 22 kbp between adjacent markers. The LAB data include a number of known relatives to assess the within-pedigree relatedness. A subset of 18 seemingly unrelated individuals was constructed for between-pedigree analyses (Method of Moments kinship coefficient o0.15).
Throughout this paper, we use the term kinship to designate the effective kinship between each pair. The effective kinship is defined here to be the sum of all shared segments inferred to be IBD by a model that assumes an open large population. It coincides with the usual definition of kinship coefficients when a pair of individuals is related by a single lineage to recent ancestors. Thus, in our methodology, a pair of individuals is related by an effective ancestor who is the sum of all recent ancestors linking the pair. This approach is obviously an approximation; however, it substantially simplifies the inference of kinships and seems to satisfy the task of clan identification. The main motivation for using this approximation here is that, within clans, the sharing of recent ancestry between individuals is expected to be much higher than between clans. It is thus expected that by establishing the proportion of sharing, one can differentiate clan members from sporadic sharing in the population. The choice of the Log scale for the dissimilarity scores deserves some explanation as well. In open populations, the dissimilarity metric defined here is related to the number of generations separating the pair (Kirkpatrick et al., 2011) . Whereas the interpretation of this metric in our case is more complicated, we chose to retain it mainly because of the observation that the distribution of this metric is approximately normal within and between clans (see Supplementary Figure S1 ).
Shared regions and kinship coefficients for each pair were inferred using the IBD analysis (Lander and Green, 1987) . IBD inference was performed with a modified version of the PLINK (Purcell et al., 2007) tool, which we designate as PLINKem. The modified version involves two algorithmic generalizations to the original pairwise IBD inference method. The first is the incorporation of an error model as previously described by Markus et al. (2011) and implemented in PLINKe. For the Affymetrix arrays (LAB) we used the IBD model that incorporates the confidence scores of the genotyping procedure to account for the different error rates in the data (Markus et al., 2011) . For the Illumina Tribal admixture in the Bedouin population B Markus et al arrays (HDGP), we assumed a constant error rate of 1%. The second generalization is more subtle and involves an iterative procedure that aims to find the most likely effective kinship coefficients connecting each pair of individuals. The next paragraphs describe this algorithm in detail.
Pairwise IBD Inference in PLINK is implemented by estimating the conditional probability of IBD states on the marker data. Following the definitions from the PLINK paper, the set of measured markers denoted by M, and let z ¼ 0, 1 or 2 be the IBD states of sharing 0, 1 or 2 alleles between the pair, respectively. Let Z i be the IBD state at a particular position i in the genome. The conditional probability of IBD state on marker data is expressed by the Bayes theorem as:
To evaluate this expression, the authors of PLINK defined an HMM with emission and transition matrices in Tables 2 and 3 of their manuscript, respectively (Purcell et al., 2007) . In particular, the definition of the transition matrix involves an estimate of the number of meioses between the pair of individuals. This parameter is estimated from the global IBD probabilities for sharing z ¼ 0, 1 or 2 alleles anywhere in the genome as indicated in the PLINK manuscript in the Appendix. These global IBD probabilities are estimated from the data using a method of moments, which is essentially an average of the single-locus IBD probabilities. This solution is somewhat artificial in the sense that it is not part of the model given by equation (1). The method we propose is to estimate the global IBD probabilities from the model itself using maximum likelihood. Denoted by K ¼ (k 0 ,k 1 ,k 2 ), the set of three kinship coefficients such that k z ¼ P(Z ¼ z) is the global probability of sharing z allele IBD between the pair. Let N be the number of chromosomes and M n the marker data on chromosome n. We can write the likelihood for the kinship coefficients given the genome-wide marker data as follows,
In this expression, P K (M n ) is the probability of the data on chromosome n, given that the kinship coefficients (K) are known. Once the kinship coefficients are given, the calculation of this quantity is similar to that described in the PLINK paper. The goal is then to find the kinship coefficients that maximize this likelihood. This task is difficult, as the state space is made up of all possible combinations of IBD states and thus is exponential in the number of loci. Thus, using the Maximization Expectation (EM) method is not feasible. Instead, we proposed a modified EM that uses the IBD inference of successive iterations for the update of the kinship parameter. The algorithm is described in Appendix A. One important note on this algorithm should be made. At stage three, we can apply filters on the counting of the segments that were inferred to be shared by the pair. For example, when inferring recent ancestry it is common to count segments 43-5 cM, (Huff et al., 2011; Atzmon et al., 2010) which enables control over Linkage Disequilibrium (LD) patterns (Purcell et al., 2007) . It also allows us to create different kinship matrices at different ancestry depths as described in Supplementary Appendix B.
In the tests we performed, our algorithm converged after approximately three iterations on average. We compared our method with several other approaches on real data from our laboratory and on simulated data generated with SimPed (Leal et al., 2005) (see Supplementary Appendix A and  Supplementary Tables S2 and S3 ). The other approaches include exact inference using MERLIN, (Abecasis et al., 2001 ) approximated inference using PREST (Sun et al., 2002) and PLINK Method of Moments (MoM) kinship estimation (genome option). The method of moments used in PLINK assume that all markers are independent, thus trying to estimate the kinship coefficients from each marker separately. This is performed by establishing the probability of observing the shared alleles, given the possible IBD states between two individuals. Averaging over all markers and using the Bayes theorem give a global probability estimate for sharing allele IBD. The method in PREST is more sophisticated. While still assuming the markers to be unlinked, it tries to maximize the likelihood of the kinship coefficients given the data. The difference between PREST and our model is that, in PREST, the likelihood function is based on a single-locus model, whereas our model uses a variation on the multilocus method of Lander and Green (1987) . As suggested by the analysis on real data sets (Supplementary Appendix A and Supplementary Figure S3) , PLINKem is substantially more accurate than both PREST and MoM estimations. It should be noted that multipoint methods are substantially slower than single-point methods and therefore are restricted to small data sets (typically No100).
After the establishment of the various kinship matrices, we explored the relationship between individuals by permuting the order of the individuals in the matrices using SPIN (Sorting Points Into Neighborhoods) (Tsafrir et al., 2005) . From the inferred kinship coefficients, the average kinship sharing was calculated as r ¼ 1 2 k 1 þ k 2 for all pairs. We defined the dissimilarity matrix to be D i;j ¼ À Logðr i;j Þ and used it as input for the SPIN algorithm. Elements of r having a zero value were assigned the smallest non-zero value in the matrix. We permuted D combined using the Neighborhood sort, which finds a linear ordering on the individuals such that pairs closer to each other in the permuted matrix also have small dissimilarity values (Tsafrir et al., 2005) . We used the ordering from D combined to present the other two matrices, D recent and D residual , as well.
We complemented our genetic studies with field research within the tribes by means of non-formal interviews with tribe members. Specifically, we interviewed old members of the sporadic tribes mentioned in this manuscript regarding tribe origin, dates of arrival to the Negev and their patterns of tribal intermarriages. All tribe members interviewed for this study claimed their origin from the Arabian Peninsular region hundreds of years before they migrated to the Middle East.
RESULTS
We analyzed two data sets of Negev Bedouins: one from the HDGP (Jakobsson et al., 2008) and another set collected in our laboratory (LAB) having both related and unrelated individuals (Materials and methods and Supplementary Table S1 ). We defined recent, combined and residual ancestries as follows (See Supplementary text for detailed definitions). Recent ancestry refers to a common genetic ancestry from the most recent B1-20 generations. Combined ancestry refers to the last B1-50 generations. Residual ancestry refers to a common ancestry corresponding to B20-50 generations ago. These thresholds were chosen to reflect the average time of migration of the sporadic tribes and are based on a threshold for the length of shared segments. We defined the dissimilarity matrix to be the kinship matrix in logarithmic scale: D ¼ ÀLog(kinship), and calculated three different dissimilarity matrices for each data set: D recent , D residual and D combined . Intuitively, tribes that admixed only recently and do not have common clan ancestry are expected to show a signal in the recent dissimilarity matrix but not in the residual matrix. Tribes from the same clan are expected to show signals in all matrices, as they share a common history as well as interact in the present time.
Previous work, analyzing the HDGP sample, already suggests that a fine structure within the Bedouin community is present (Lawson et al., 2012; Supplementary Figure S22) . We start by focusing our analysis on the publicly available HDGP Bedouin data and further investigate the suggested patterns. Figure 1 presents the identification of the large clans in the HDGP data. Figure 1-a1 shows the distribution of the pairwise dissimilarity values in D combined . The distribution appears to be bimodal, which suggests that a structure is present. We intuitively hypothesized that the right mode (high D values) corresponds to the background sharing of unrelated pairs in the population, and the left mode (low D values) to the relatedness within tribes. Similar bimodal distributions were found for the other matrices D recent and D residual as depicted in Supplementary Figure S1 . A Gaussian Mixture Model (GMM) was fitted to generate the curved lines outlining the two populations (Supplementary Table S5 ). The intersection between the fitted Gaussians is indicated by a black dot. This is the location for which a naive Bayesian classifier would generate equal likelihoods for the two populations. In a Bayesian Figure 1B shows the permuted dissimilarity matrix D combined for the HDGP data. Each pair of individuals is represented by a colored rectangle. We used the GMM parameters to generate the color map by allowing blue colors to span the entire domain of the related distribution (the left mode) followed by a gradual hue change to green and yellow for the background distribution (the right mode). Figure 1B clearly shows one big cluster and two smaller ones. In order to show how these clusters relate to the bimodal distribution, we examined the distribution of dissimilarities within and between the clusters. We defined the borders of the three clusters manually (marked with red line), labeling them as b1, b2 and b3 ( Figure 1B) . The pairwise dissimilarity histograms within the clusters are emphasized in Figure 1-a2 and between the clusters in Figure 1 -a3, clearly indicating that the left mode corresponds to relatives within clusters, whereas the right mode corresponds to unrelated pairs. Figure 1 -a2 also suggests that distant relatives could reside well within the background distribution (right mode). A Bayesian classifier based on the bimodal distribution would mark all individuals with D41.5 as unrelated. However, by analyzing all pairs simultaneously and identifying the clans, the relationship between seemingly unrelated pairs is established indirectly via relatedness with other members in the group. Thus, our analysis is not only effective in the delineation of clans but also enables the identification of very distant relatives with negligible genomic sharing simply because of common clan ancestry.
The HDGP data contain no genealogical knowledge of the individuals in the sample and therefore limits our ability to further study relationships between the tribes. We thus turn to the LAB data, in order to correlate the results with known genealogical information.
In particular, we wanted to test the feasibility of differentiating between the large clans and the sporadic tribes that migrated sporadically to the Negev. In Figure 2 , A and B depict the distribution of the pairwise dissimilarity values and the permuted matrix constructed from D combined . The known relatives are emphasized in the histogram with a typical Do1 value. The existence of a bimodal distribution is clear in this figure as well. Figure 2C shows the matrices for recent and residual ancestries with a few identified clusters depicted on each matrix. All matrices are shown using the color map generated from the HDGP data.
Two main clusters are obvious and are indicated in Figure 2 as A and B. It is evident from Figure 2C that both recent and ancient ancestries contribute to the signals in clusters A and B, as both clusters are clearly indicated in D recent and D residual . Note, however, that cluster A seems to be distinct from the rest of the data, whereas cluster B shows signals of common ancestry with several external tribes around it. This signal is mostly absent from the residual matrix, suggesting recent tribal admixture. These patterns are more easily depicted in Figure 3 , which is a binary version of the matrices in Figure 2 . We generated Figure 3 using the Bayesian intersection points as thresholds for each matrix. Investigation of surnames identified cluster A as one of the oldest, well established clans in the Negev. On the other hand, cluster B is composed of related tribes, probably from a common founder, that migrated from Gaza to the Negev around 300 years ago. Thus, it seems that clan B, as opposed to clan A, allows interactions with tribes outside the clan. In fact, surname investigation suggests that, apart from clan A, all other tribes in our data are seemingly sporadic.
More examples for the interplay between residual and recent ancestries are manifested in clusters D and C. There is a clear recent Tribal admixture in the Bedouin population B Markus et al ancestry signal between the two tribes in cluster C that seems to be absent from the residual ancestry matrix. Consistent with this finding, our genealogical investigation revealed that these two tribes have coexisted side by side for the last B200 years; however, there is no record for common clan ancestry, as one tribe migrated from Egypt and the other from Jordan. On the other hand, cluster D, which appears in the residual ancestry matrix, is only partially depicted in the recent ancestry matrix overlapping the surrounding clusters C and B. We think that cluster D represents a noise artifact. We do not know of any common ancestry between the tribes of this cluster. Using the individual index numbers indicated in Figure 2 , tribes represented by individuals 13 and 14 migrated from two different regions in Gaza; tribe represented by 17 is associated with Egyptian ancestry; and tribe represented by 7 migrated from Jordan. As explained in the appendices (Supplementary Text), the interpretation of the residual ancestry matrix in this case is problematic. We do not infer ancient ancestry directly, and as this cluster is not clearly indicated in the recent ancestry matrix, it is most likely a false-positive cluster. Indeed, cluster D is not manifested in the binary version of Figure 3 and does not survive repeated permutations on the residual matrix using SPIN. In order to relate our findings to patterns of rare variants prevalent in the different tribes, we listed in Table 1 Figure 2 The dissimilarity matrix for the LAB data. a and b depict the distribution of the pairwise dissimilarity values and the permuted matrix constructed from D combined . The known relatives are emphasized in the histogram and have typical Do1 values. c shows the matrices for recent and residual ancestries, with a few identified clusters depicted on each matrix. All matrices are shown using the color map generated from the HDGP data. The index numbers in the matrices refer to individuals as depicted in Supplementary Table S1 .
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Bedouin community. For example, founder mutations for Hereditary Retardation Dysmorphism syndrome and for Congenital Insensitivity to Pain and Anhydrosis are known to be present in many tribes associated with clan A. In fact, the same founder mutation that causes Hereditary Retardation Dysmorphism in the Negev Bedouins was also found in cases from Saudi Arabia (Teebi, 1997) . This fact triggered a global screening for the founder Hereditary Retardation Dysmorphism mutation in Bedouins from all tribes appealing for genetic counseling. However, at least for the tribes participating in this study, we find no evidence for the founder mutation outside of clan A (see Table 2 ). As a second example, two other founder mutations, Mitochondrial Complex 3 Deficiency (Complex 3) and Persistent Hyperinsulinemic Hypoglycemia of Infancy, are found exclusively in clan B. However, at least one founder mutation associated with deafness is found both in clan B and in one of the sporadic tribes. As we see significant recent kinship between clan B and other sporadic tribes, we expect to detect more such common mutations in the near future.
DISCUSSION
Our results indicate that we can identify Bedouin clans as large extended families in which each individual is related to many others in the group. We showed that clans encompass both recent and ancient common ancestry as expected. Furthermore, our analysis identifies tribes that were 'allowed' to intermarry versus those whose mixture was socially forbidden, thus unraveling relationships consistent with the known historical background of the Negev Bedouins. Previous studies of Bedouin tribes were focused mainly on the relationships between the Bedouins with their surrounding populations. For example, Abu-Amero et al. (2008 ) used nonrecombinant Y and mitochondrial DNA from Saudi Arab samples for the study of migration patterns from Africa to Asia in ancient times. Their work was focused on large-scale migration patterns, such as the introduction of African haplotypes into Arabian Peninsular populations. Mohammad et al. (2009) studied a more recent history of population structure in Kuwait. They used both autosomal and Y chromosomal markers to study samples from six Kuwaiti tribes. They found a remarkable correspondence between tribe names and their genetic makeup, supporting the expected traditional history and tribal isolation. More recently, Hunter-Zinck et al. (2010) studied the admixture patterns in the population of Qatar and recovered three affinity groups within the population consistent with the migration patterns into the area. Figure 3 The recent and residual dissimilarity matrices from the LAB data with binary thresholds. We generated these matrices using the Bayesian intersection points as thresholds for each matrix. Dissimilarities below the threshold were colored black, whereas those above remained in white. Signals of recent ancestry that are not replicated in the residual ancestry matrix indicate recent admixture. Specifically, individuals 29 and 14 show substantial recent ancestry with clan B (3, 11, 24, 1, 8) but no residual ancestry. (Parvari et al. 2002) 241410 Clan A CIPA-congenital insensitivity to pain (Parvari et al., 2002) 256800 Clan A Complex 3-mitochondrial complex III deficiency (Barel et al., 2008) 124000 Clan B PHHI-persistent hyperinsulinemic hypoglycemia of infancy (Glaser et al., 1990) 256450 Clan B Deafness-nonsyndromic autosomal recessive deafness (Scott et al., 1995) 220290 Clan B, tribe M LCCS 2-lethal congenital contracture syndrome (Narkis et al., 2004) 607598 Tribes L, M LCCS 4-lethal congenital contracture syndrome (Markus et al., 2012) 614915 Tribes N, O Bartter syndrome (Finer et al., 2003) 241200 Tribe P and a single carrier from tribe Q This table presents disorders with specific founder mutations prevalent in certain tribes and clans. Clan-specific mutations distinguish clan A, one of the oldest Negev clans, from the rest of the tribes, consistent with the oral history described in the main text. We found 164 individuals in the screening for HRD who came from tribes participating in this study. As no carriers were found in these tribes, the frequency of the carriers is at least o1/165. In clan A, the frequency of the carriers is around 10%, indicating that the clanspecific mutation is not prevalent in the tribes outside clan A.
Residual Ancestry Recent Ancestry
The studies mentioned above recovered much of the expected Bedouin population structure using methods that associate haplotype frequencies with ancestry. Utilizing haplotype frequencies to study structure is suitable when a population exhibits dramatic migration or admixture patterns with the surrounding populations, so that certain haplotype frequencies would differ significantly between different groups. In our study of the Negev Bedouins, we took a complementary approach that allowed us to look at more subtle signals of population structure. As our sample is entirely from a recent Arabian origin, classical admixture analysis using principle component analysis or Bayesian models might not be adequate (data not shown) (Falush et al., 2003; Patterson et al., 2006) . Our prior knowledge regarding the Bedouin history and the segregation patterns of rare diseases in the different tribes suggests the analogy between tribes and extended families and thus leads naturally to IBD analysis. Thus, IBD analysis seems to compliment these other studies by revealing a fine structure within a seemingly homogeneous sample of Bedouins tribes.
We note that the knowledge gained in our study is extremely important for IBD mapping in sporadic cases. Recently, we mapped a new gene for lethal congenital contracture syndrome type 4 (LCCS4) (Markus et al., 2012) in tribes N and O (Table 1; represented by individuals 13 and 14 in Figure 2) . Consistent with the lack of significant recent ancestry or clan co-ancestry, the shared locus resides in a very small segment, roughly 1 Mbp in size, indicating relatively ancient ancestry. Two other sporadic cases that manifest the LCCS phenotype and do not posses any of the known mutations were also analyzed using our methodology. These two cases were found to share common ancestry with clan B (data not shown). We have thus initiated a search for yet another LCCS founder mutation expected to be present in cases from clan B.
Several drawbacks of this approach should be indicated. First, we did not try to cluster the samples into subgroups. Clustering ultimately involves loss of information, whereas the visual inspection of the sorted matrices still leaves much room for interpretation. Eventually, there is a need to make decisions regarding the significance of the kinship signals. Currently, we use a conservative approach when testing for relatedness. As indicated above, we use the Bayesian classifier over the distribution of dissimilarity values to assess the significance of pairwise relatedness and refer to the sorted dissimilarity matrices as a visual compliment. More work is needed to facilitate the knowledge embedded in the sorted matrices for the assessment of relatedness beyond pairwise kinship scores. Secondly, there is a limit to the resolution of this approach. Although the ancestry thresholds used here seem to work well for the clustering of Bedouin tribes, they might not suit the analysis of fine structure in other populations. Recent studies on models of migration suggest that the distribution of the lengths of shared genomic segments could be used to infer ancestry more accurately (Huff et al., 2011; Pool and Nielsen, 2009; Henn et al., 2012) . Adaptation of these methods for fine structure analysis in small isolated populations should give a more accurate basis for both the ancestry inference and the clustering challenges (Novembre and Ramachandran, 2011) .
Despite these caveats, the emergent structure is well correlated with patterns of rare variants known to us. The recent technology advances and the growing awareness for genetic disorders in the Bedouin community are having a large impact on the identification of deleterious mutations in the Bedouin population. Currently, there are 440 different mutations known to us, most are tribe-specific. In genetic counseling to the Bedouin community, we offer members of different tribes' carrier testing for different mutations, based on their tribal prevalence. The current study, delineating genomic similarities between tribes, enables us to better identify tribes sharing identical mutations, improving our ability to suggest appropriate carrier testing. Thus, our findings here are conducive to a more detailed and adequate carrier-screening program for rare disorders shared by various tribes, with the purpose of serving this community more effectively.
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